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Abstract
A recently developed model for ρ-meson propagation in dense hadronic matter
is applied to total photoabsorption cross sections in γ-proton and γ-nucleus
reactions. Within the vector dominance model the photon coupling to the
virtual pion cloud of the nucleon, two-body meson-exchange currents, as well
as γ-nucleon resonances are included. Whereas the γp reaction is determined
by the low-density limit of the model, higher orders in the nuclear density
are important to correctly account for the experimental spectra observed on
both light and heavy nuclei over a wide range of photon energies, including
the region below the pion threshold. In connection with soft dilepton spectra
in high-energy heavy-ion collisions we emphasize the importance of photoab-
sorption to further constrain the parameters of the model.
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Recent measurements of dilepton spectra in heavy-ion collisions at both intermediate and
high bombarding energies have shown a strong enhancement of the pair yield in the low-
invariant-mass region (M≃0.2-1.5 GeV) as compared to expectations based on free hadronic
sources [1–3]. So far, the most promising approaches to explain these data are based on
medium modifications in π+π− → l+l− annihilation occurring during the interaction phase
of the colliding nuclear system. In particular, the assumption of a dropping ρ-meson mass [4]
in the hot and dense medium has been shown to give a good description of the HELIOS-3
and CERES data [5,6]. On the other hand, the inclusion of in-medium hadronic interactions
in ρ- and ππ propagation also gives reasonable agreement with these experiments [7,8]. It
is evident that any model of dilepton enhancement has to be in accordance with a wide
variety of related data, e.g. the free ρ meson in the time-like region has to be accounted
for by properly describing p-wave ππ scattering and the pion electromagnetic form factor.
Obviously another important constraint is provided by photoabsorption experiments [9,10],
which represent the limit of vanishing invariant mass of the (virtual) photon, M2→0. In this
note we will extend our model for ρ-meson propagation in hadronic matter [7] to analyze
photoabsorption spectra on both protons and nuclei, thereby further constraining the model
parameters.
The starting point is the general expression for the total absorption cross section of a
photon on a volume element d3x of cold nuclear matter
dσ
d3x
= −4πα
q0
ǫµ(q, λ) ǫν(q, λ) ImG
µν(q0, ~q; ρN) . (1)
Here, ǫµ and (q0, ~q) denote the photon polarization vector and four-momentum, respectively,
while Gµν represents the electromagnetic current correlator of the hadronic source at a given
nuclear density ρN . Invoking the vector dominance model (VDM) and neglecting small
contributions from isoscalar vector mesons the correlator is determined by the ρ-meson
propagator as
Gµν(q0, q; ρN) ≡
(m(0)ρ )
4
g2
Dµνρ (q0, q; ρN) (2)
where
Dµνρ (q0, ~q; ρN) =
P µνL
M2 − (m(0)ρ )2 − ΣLρ (q0, ~q; ρN )
+
P µνT
M2 − (m(0)ρ )2 − ΣTρ (q0, ~q; ρN)
+
qµqν
(m
(0)
ρ )2M2
. (3)
Here P µνL (P
µν
T ) is the standard longitudinal (transverse) projection operator and Σ
L
ρ (Σ
T
ρ )
the corresponding scalar part of the selfenergy. For real photons with M2 = q20 − ~q2 = 0
Eq. (1) can be rewritten as the total photoabsorption cross section normalized to the number
of nucleons, A, as
σabsγA
A
= −4πα
q0
(m(0)ρ )
4
g2
1
ρN
ImDTρ (q0, ~q; ρN) , (4)
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where DTρ denotes the transverse ρ-meson propagator, defined through Σ
T
ρ .
For the actual calculations we have to specify a model for the in-medium ρ-meson propagator.
It consists of a bare ρ with mass m(0)ρ renormalized through various selfenergy contributions
involving two-pion and single-baryon interactions
ΣL,Tρ = Σ
L,T
ρpipi + Σ
L,T
ρN . (5)
In free space (ρN=0), only Σ
0
ρpipi(M) ≡ Σρpipi(q0, ~q; ρN = 0) survives, representing the coupling
of the ρ to vacuum two-pion states. Aside from the two-pion loop we include a pion-tadpole
contribution rendering Σ0ρpipi(M) transverse and zero at the photon point, once properly
regularized [12]. The parameters are fixed by ensuring a good description of the p-wave ππ
phase shifts as well as the pion electromagnetic form factor in vacuum. At finite density Σρpipi
is modified through pion interactions with the surrounding nucleons [7]. As is well known,
the dominant contribution to the in-medium pion propagator arises from p-wave nucleon-
hole and delta-hole polarizations. The corresponding selfenergies contain coupling constants
fpiα (α = NN
−1,∆N−1) related via fpiN∆=2fpiNN (Chew-Low factor [11]), a monopole form
factor
Fpiα(k) =
(
Λ2pi −m2pi
Λ2pi + k
2
)
, (6)
spin-isospin factors SI(πα) and a Lindhard function φα(ω, k) for the loop integration over
the nucleon Fermi sea (see below). The precise value of the cutoff parameter Λpi will be
determined from the fit to the photoabsorption data. Furthermore, the pion selfenergies
have to be corrected for short-range correlation effects, conveniently parameterized in terms
of Migdal parameters g′αβ . The calculations of ref. [7] were done in back-to-back kinematics
(~q = 0) for simplicity. When going to the photon point, however, one necessarily has
to allow for finite 3-momentum of the ρ meson relative to the rest frame of the nuclear
medium. Recently this has been achieved by Urban et al. maintaining exact conservation of
the hadronic vector current and will be discussed separately [12]. In the low-density limit,
the in-medium ρ-meson propagator per nucleon reduces to the forward Compton amplitude
on the proton. The model specified above describes the coupling of the photon to the virtual
pion cloud of the nucleon via an intermediate ρ meson and yields non-resonant ’background
contributions’ to the Compton amplitude.
The second piece of the in-medium ρ selfenergy, ΣρN , in Eq. (5) arises from direct coupling
of the ρ meson to the surrounding nucleons leading to nucleonic resonances. We assume
the ρN amplitude to be governed by s-channel pole graphs. This was first discussed in
ref. [13] for the case of the N(1720) and ∆(1905), which both show a large branching ratio
(>60%) into the ρN channel. However, the photoabsorption data (especially for the free
proton) require the inclusion of additional, lower-lying resonances. We account for the most
important states which will allow us to saturate the experimental spectra. They can be
divided into two groups:
(i) positive parity states, which exhibit a predominant p-wave coupling to ρN . In the
non-relativistic limit, suitable interaction Lagrangians are given by
Lp−waveρBN =
fρBN
mρ
Ψ†B (~s× ~q) · ~ρa ta ΨN + h.c. , (7)
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where the summation over a is in isospin space. The spin operators ~s = ~σ, ~S for
J=1/2,3/2 and the isospin operators ~t = ~τ, ~T for I=1/2,3/2, respectively, are chosen
in accordance with the quantum numbers of baryon B for B=N(939), ∆(1232) and
N(1720), where σj and τa are the usual Pauli matrices and Sj, Ta the J, I = 1/2→ 3/2
transition operators. For B=∆(1905), which carries spin J=5/2, a tensor coupling of
type (Rij qi ρj,a Ta) is employed [13].
(ii) negative parity states, which exhibit a predominant s-wave coupling to ρN . In the
non-relativistic limit, the interaction Lagrangians can be chosen as [14]
Ls−waveρBN =
fρBN
mρ
Ψ†B (q0 ~s · ~ρa − ρ0a ~s · ~q) ta ΨN + h.c. (8)
for B=N(1520), ∆(1620), ∆(1700).
From these interaction vertices we derive in-medium selfenergy tensors for ρ-like BN−1
excitations. In close analogy to the pionic case one obtains for the purely transverse p-wave
contributions
Σ(0),Tρα,pw(q0, q) = −
(
fρα Fρα(q)
mρ
)2
SI(ρα) q2 φρα(q0, q) , (9)
while for s-waves
Σ(0),Tρα,sw(q0, q) = −
(
fρα Fρα(q)
mρ
)2
SI(ρα) q20 φρα(q0, q) , (10)
with a monopole form factor Fρα(q) = Λ
2
ρ/(Λ
2
ρ+ q
2) and spin-isospin factors SI(ρα) summa-
rized in table I (note that for M2 = 0 we have q2 = q20 and thus the expressions for s-wave
and p-wave coupling become identical). In analogy to pion-induced excitations we include
short-range correlation effects in the particle-hole bubble through Migdal parameters g′,
which also induce a mixing between the various excitations of a given partial wave [7]. The
explicit form of the Lindhard functions reads
φρα(q0, ~q) = −
∫ pF
0
p2dp
(2π)2
+1∫
−1
dx
∑
+,−
1
±q0 + ENp − EBpq(x)± i2ΓtotB
, (11)
which is equivalent to the pionic case (ENp =
√
m2N + p
2, EBpq(x)=
√
m2B + q
2 + p2 + 2pqx ).
The free baryon widths are each taken as the sum of ρN channel and πN channel in the
appropriate partial wave,
Γ0B(s) = Γ
0
B→ρN(s) + Γ
0
B→piN(s) . (12)
In the nuclear medium we account for a density-dependent correction as
ΓB(s; ρ) = Γ
0
B(s) + Γ
med
B
ρ
ρ0
, (13)
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where possible energy dependencies in ΓmedB have been neglected for simplicity. It remains
to fix the coupling constants fρBN . For B=N(939) and ∆(1232) we take values close to
the Bonn potential; all other resonances considered have a sizable branching ratio into the
ρN channel. These branching ratios are used to obtain an estimate for the ρBN coupling
constants via
Γ0B→Nρ(
√
s) =
f 2ρBN
4πm2ρ
2mN√
s
(2Iρ + 1)
(2JB + 1)(2IB + 1)
SI(ρBN)
√
s−mN∫
2mpi
MdM
π
A0ρ(M) qcm Fρ(qcm)
2 f(M) , (14)
where the kinematic factor f(M) is given by f(M) = q2cm for p-wave coupling and f(M) =
(2q20 +M
2) for s-wave coupling with
q2cm =
(s−M2 −m2N)2 − 4m2NM2
4s
(15)
being the ρ/N decay momentum in the resonance rest frame. A0ρ(M) = −2 ImD0ρ(M) de-
notes the ρ-meson spectral function in the vacuum. The πBN coupling constant used for
Γ0B→piN in Eq. (12) is then chosen such that the total width matches its experimental value
at the resonance mass s = m2B.
As has been noted long ago the most simple version of the VDM, Eq. (2), typically results
in an overestimation of the B → Nγ branching fractions when using the hadronic coupling
constants deduced from the B → Nρ partial widths. However, one can correct for this by
employing an improved version of the VDM [15], which allows to adjust the BNγ coupling
µB (the transition magnetic moment) at the photon point independently [13]. It amounts to
replacing the combination (m(0)ρ )
4 ImDTρ (q0, ~q; ρN) entering Eq. (4) by the following ’transi-
tion form factor’:
F¯ (q0, q; ρN) = −ImΣTρpipi|dρ − 1|2 − ImΣTρN |dρ − rB|2
dρ(q0, q; ρN) =
M2 − ΣTρpipi − rBΣTρN
M2 − (m(0)ρ )2 − ΣTρpipi − ΣTρN
(16)
where
rB =
µB
fρBN
mρ
(m
(0)
ρ )2
g
(17)
denotes the ratio of the photon coupling to its value in the naive VDM. In principle each
resonance state B can be assigned a separate value for rB but, as will be seen below,
reasonable fits to the photoabsorption spectra can be achieved with a common value for
both rB and Λρ, making use of some freedom in the hadronic couplings fρBN within the
experimental uncertainties of the partial widths, Eq. (14). The final formula to be used for
the photoabsorption calculations then reads
σabsγA
A
= −4πα
g2q0
1
ρN
F¯ (q0, q; ρN) . (18)
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In taking the low-density limit, ρN → 0, only terms linear in density contribute to F¯ , rep-
resenting the absorption process on a single nucleon, as mentioned above. Fig. 1 shows
the resulting cross section with the free parameters taken as Λpi=550 MeV, Λρ=600 MeV
(ΛρNN=1 GeV) and rB=0.5 (the actual hadronic coupling constants fρBN are given in ta-
ble I). The various contributions from ρ-meson coupling to the virtual pion cloud of the
nucleon (the ’background’ described by Σρpipi) as well as from the ρN resonances (contained
in ΣρN ) add incoherently.
For absorption spectra on nuclei, one experimentally observes an almost independent scal-
ing with the atomic number A of different nuclei (cp. Fig. 2). This justifies to perform the
calculations in infinite nuclear matter at an average density, which we take to be ρ¯N=0.8ρ0
(we have checked that the results for the normalized cross section, Eq. (18), only weakly
depend on density within reasonable limits). As compared to the free proton two additional
features appear in the nuclear medium: short-range correlation effects in the resumma-
tion of the particle-hole bubbles and in-medium corrections to the resonance widths. Due
to the rather soft form factors involved, the p-wave excitations turn out to favor rather
small Landau-Migdal parameters of g′NN=0.6 and g
′
αβ=0.25 for all other transitions, whereas
the s-wave bubbles show no significant evidence for short-range correlations (therefore we
set g′s−wave ≡0). Note that the rather large in-medium correction to the N(1520) width,
ΓmedN(1520)=250 MeV, can be understood microscopically in a selfconsistent treatment of the
ρ spectral function in nuclear matter [14]. On the other hand, the net in-medium correc-
tion to the ∆(1232) width is quite small. This reflects the fact that a moderate in-medium
broadening is largely compensated by Pauli blocking effects on the decay nucleon. The
sensitivity of our results with respect to the in-medium widths of the higher lying reso-
nances is comparatively small. As can be seen from Fig. 2, a reasonable fit is obtained up
to incident photon energies of about 1 GeV. Beyond that the inclusion of further baryon
resonances in both the πN and ρN interactions as well as higher partial waves seems to be
required. It is noteworthy that below the pion threshold some strength appears. This is
nothing but the well-known ’quasi deuteron’ tail above the giant dipole resonance, arising
from pion-exchange currents. These are naturally included in our model.
In summary, we have shown that our earlier model for rho-meson propagation in hadronic
matter [7] allows for a consistent application at the photon point (M2=0). With additional
improvements on both the two-pion selfenergy Σρpipi (including the full 3-momentum depen-
dence) and resonant ρN contributions (including s-wave contributions as well as an improved
version of the VDM) an acceptable description of total photoabsorption cross sections on
both the proton and nuclei has been achieved with a rather limited number of parameters,
thereby further constraining their actual values. This clearly increases the confidence in the
model when applying it to calculate dilepton production as measured in relativistic heavy-ion
collisions at various bombarding energies. Indeed, employing our model in a transport the-
oretical analysis of the CERN experiments (CERES and HELIOS-3) gives good agreement
with the observed dilepton spectra [8].
ACKNOWLEDGMENTS
We are grateful to J. Ahrens for providing us with the data compilation of the experimen-
tal photoabsorption cross sections on nuclei. We thank B. Friman, F. Klingl, A. Richter and
6
W. Weise for fruitful discussions. One of us (RR) acknowledges support from the Alexander-
von-Humboldt foundation as a Feodor-Lynen fellow. This work is supported in part by the
U.S. Department of Energy under Grant No. DE-FG02-88ER40388.
7
REFERENCES
[1] G. Agakichiev et al., CERES/NA45 collaboration, Phys. Rev. Lett. 75 (1995) 1272;
P. Wurm for the CERES/NA45 collaboration, Nucl. Phys. A590 (1995) 103c;
Th. Ullrich for the CERES/NA45 collaboration, Nucl. Phys. A610 (1996) 317c;
[2] N. Masera for the HELIOS-3 collaboration, Nucl. Phys. A590 (1995) 93c;
I. Kralik for the HELIOS-3 collaboration, in Proc. of the International Workshop XXIII
on Gross Properties of Nuclei and Nuclear Excitations, Hirschegg 1995, eds. H. Feld-
meier and W. No¨renberg, (GSI-Darmstadt 1995), p.143.
[3] The DLS Collaboration, R.J. Porter et al., Phys. Rev. Lett. (1997) in press.
[4] G.E. Brown and M. Rho, Phys. Rev. Lett 66 (1991) 2720.
[5] G.Q. Li, C.M. Ko, G.E. Brown and H. Sorge, Nucl. Phys. A611 (1996) 539.
[6] E.L. Bratkovskaya and W. Cassing, Nucl. Phys. A619 (1997) 413.
[7] R. Rapp, G. Chanfray and J. Wambach, Nucl. Phys. A617 (1997) 472.
[8] W. Cassing, E.L. Bratkovskaya, R. Rapp and J. Wambach, preprint SUNY-NTG-97-27
and LANL e-print archive nucl-th/9708020.
[9] F. Klingl and W. Weise, Nucl. Phys. A606 (1996) 329.
[10] J. Steele, H. Yamagishi and I. Zahed, LANL e-print archive hep-ph/9704414.
[11] G.F. Chew and F.E. Low, Phys. Rev. 101 (1956) 1570.
[12] M. Urban et al., to be published.
[13] B. Friman and H.J. Pirner, Nucl. Phys. A 617 (1997) 496.
[14] W. Peters, M. Post, H. Lenske, S. Leupold and U. Mosel, preprint UGI-97-09 and LANL
e-print archive nucl-th/9708004.
[15] N.M. Kroll, T.D. Lee and B. Zumino, Phys. Rev. 157 (1967) 1376.
[16] Particle Data Group, R.M. Barnett et al., Phys. Rev. D54 (1996) 1.
[17] R. Machleidt, K. Holinde and C. Elster, Phys. Rep. 149 (1987) 1.
[18] T.A. Armstrong et al., Phys. Rev. D5 (1972) 1640.
[19] A. Lepretre et al., Phys. Lett. 79B (1978) 43.
[20] J. Ahrens, Nucl. Phys. A446 (1985) 229c;
J. Ahrens et al., Phys. Lett. 146B (1984) 303.
[21] Th. Frommhold et al., Phys. Lett. B295 (1992) 28;
Zeit. Phys. A350 (1994) 249.
[22] N. Bianchi et al., Phys. Lett. B299 (1993) 219;
Phys. Rev. C54 (1996) 1688.
8
TABLES
TABLE I. Properties of the ρBN vertices as derived from the interaction lagrangians, Eqs. (7)
and (8); table columns from left to right: baryon resonance, relative angular momentum in the ρN
decay, spin-isospin factor (note that in its definition we have absorbed an additional factor of 12 as
compared to table 2 in ref. [7]), partial decay width into ρN as extracted from ref. [16], coupling
constant as estimated from Γ0ρN (for N(939) and ∆(1232) we have indicated the values from the
BONN potential [17] which uses somewhat harder form factors), coupling constant as actually used
in our photoabsorption fit, in-medium correction to the total decay width.
B lρN SI(ρBN
−1) Γ0ρN [MeV]
(
f2
ρBN
4pi
)
est
(
f2
ρBN
4pi
)
fit
Γmed [MeV]
N(939) p 4 – 4.68 5.8 0
∆(1232) p 16/9 – 18.72 23.2 15
N(1520) s 8/3 24 6.95 5.5 250
∆(1620) s 8/3 22.5 1.01 0.7 50
∆(1700) s 16/9 45 1.2 1.2 50
N(1720) p 8/3 105 8.99 9.2 50
∆(1905) p 4/5 210 17.6 18.5 50
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Figure Captions
Figure 1: Total photoabsorption cross section on the proton: full result of our fit (solid line),
ππ ’background’ (dashed line) as well as the three dominant ρN resonances ∆(1232),
N(1520) and N(1720) (dashed-dotted lines). The data are taken from ref. [18].
Figure 2: Total photoabsorption cross sections on different nuclei: the solid line represents
our full result while the dashed line denotes the contribution of the ππ background
only, both calculated at a nuclear density ρ¯N=0.8ρ0. The data are compiled from
refs. [19–22].
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